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We  report  the  near  through  mid-infrared  (MIR)  optical  absorption  spectra,  over  the  range 
0.05-1 .3  eV,  of  monocrystalline  silicon  layers  hyperdoped  with  chalcogen  atoms  synthesized  by 
ion  implantation  followed  by  pulsed  laser  melting.  A  broad  mid-infrared  optical  absorption  band 
emerges,  peaking  near  0.5  eV  for  sulfur  and  selenium  and  0.3  eV  for  tellurium  hyperdoped  samples. 

Its  strength  and  width  increase  with  impurity  concentration.  Its  strength  decreases  markedly  with 
subsequent  thermal  annealing.  The  emergence  of  a  broad  MIR  absorption  band  is  consistent  with 
the  formation  of  an  impurity  band  from  isolated  deep  donor  levels  as  the  concentration 
of  chalcogen  atoms  in  metastable  local  conhgurations  increases.  ©  2013  AIP  Publishing  LLC. 
[http://dx.doi.org/10.1063/L4804935] 


I.  INTRODUCTION 

Silicon  hyperdoped  with  chaicogens  can  be  synthesized 
by  pulsed  laser  irradiation  in  a  sulfur-bearing  atmosphere,'’® 
ion  implantation  followed  by  pulsed  laser  melting, or 
pulsed  laser  mixing.^  This  material  has  attracted  interest 
because  of  its  sub  band  gap  absorption  and  has  been  studied 
as  a  candidate  for  infrared  (IR)  photodetectors^*'  and  effi¬ 
cient  solar  cells.®“'  *  In  addition,  observations  of  carrier  life¬ 
time  recovery  for  sufficiently  high  concentrations  of  titanium 
in  silicon  has  aroused  similar  interest  in  this  material.'®’'® 

Chalcogen  hyperdoping  has  been  shown  to  cause  an 
insulator-to-metal  transition  and  has  been  proposed  to  form  an 
intermediate  band  in  the  silicon  band  gap.'*’"'’'''”'®  However, 
the  hyperdoping-induced  changes  causing  the  sub-bandgap 
absorption  have  remained  unclear.  One  reason  for  this  is  that 
most  measurements  of  optical  absorption  have  been  limited  to 
the  near  IR  (NIR)  region,  or  to  photon  energies  above  the 
band  gap,'®  even  though  the  IR  absorption  band  is  extremely 
broad.  In  this  paper,  we  report  measurements  of  the  optical 
absorption  coefficient  over  a  broad  range  of  photon  energies 
spanning  near-  to  mid-IR  (MIR)  wavelengths.  The  results  are 
consistent  with  the  formation  of  an  impurity  band  in  the  sili¬ 
con  band  gap.  We  also  report  the  effects  of  impurity  dose  and 
of  post-processing  thermal  treatment  in  selected  cases. 


“'Present  address:  The  Institute  of  Optics,  University  of  Rochester, 
Rochester,  New  York  14627,  USA. 
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II.  EXPERIMENT 

Double  side  polished  p  type  (001)  Si  wafers,  resistivity 
of  5-25  Q  cm,  were  ion  implanted  at  room  temperature  with 
either  95keV  ®®S“,  176  keV  '"'Se+,  or  245  keV  '®‘'Te+  to 
doses  of  1  X  lO'®  ions/cm®.  The  dose  of  ®®S~  was  varied 
from  3  X  lO'"*  to  1  X  10 '®  ions/cm®  and  pre-amorphized  by 
85keV  Si”  to  doses  of  3  x  lO'®  ions/cm®  when  the  ®®S” 
dose  is  not  greater  than  1  x  lO'®  ions/cm®.  Pulsed  laser  melt¬ 
ing  was  performed  using  a  XeCl  excimer  laser  beam 
(308  nm,  25  ns  FWHM,  50  ns  total  duration).  Each  sample 
received  three  laser  shots  at  1.7J/cm®  followed  by  a  fourth 
laser  shot  at  L8J/cm®.  Time-resolved  reflectivity  of  a 
488  nm  Ar^  ion  laser  was  used  to  measure  the  melt  duration. 
The  laser  fluence  was  calibrated  by  comparing  the  melt  dura¬ 
tion  with  numerical  solutions  to  the  one-dimensional  heat 
equation.'*  The  details  of  the  sample  preparation  method 
and  depth  profiles  of  chalcogen  atoms  observed  by  secondary 
ion  mass  spectrometry  (SIMS)  are  reported  elsewhere.®  For 
all  samples  in  this  paper,  the  synthesis  procedure  is  the  same 
as  that  in  the  previous  work  for  sulfur  doped  samples, 
whereas  the  previous  work  employed  a  somewhat  higher  flu¬ 
ence  for  Se  and  Te  doped  samples.  Following  laser  melting, 
some  of  the  samples  were  thermally  annealed  in  a  flowing  ar¬ 
gon  gas  atmosphere  for  30  min. 

We  measured  the  transmittance  and  reflectance  of  sam¬ 
ples  in  the  NIR  region  using  a  grating  spectrophotometer 
equipped  with  an  integrating  sphere  detector.  The  measured 
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reflectance,  R,  of  the  hyperdoped  samples  in  the  NIR  region 
was  similar  to  that  calculated  by  using  published  optical  con¬ 
stants  of  pure  Si*^  when  taking  into  account  multiple  reflec¬ 
tion  at  the  front  and  back  surfaces.  This  result  suggests  that 
under  conditions  described  in  the  following  paragraph, 
where  we  cannot  obtain  experimental  values  of  R  for  hyper¬ 
doped  materials,  the  error  may  be  acceptably  small  if  we 
compute  it  using  the  reflectivity  at  a  single  surface,  r,  of  pure 
Si  calculated  from  published  optical  constants.  The  transmit¬ 
tance  T  is  described  as  follows,  by  taking  into  account  multi¬ 
ple  reflections  at  the  front  and  back  surfaces^® 

(1  -r)^exp(-«cf) 

1  —  r'^exp{—2ad)  ’ 


where  a,  d,  and  /■  are  the  absorption  coefficient,  the  effective 
thickness  of  the  absorbing  layer,  and  reflectivity  of  a  single 
surface,  respectively.  The  ad  product  of  this  sample  thus  can 
be  obtained  as  follows  by  using  measured  transmittance  T 
and  reflectance  r  of  pure  Si 


ad  =  —In 


(l-r)^--^(l-r)V4r2T2' 


(2) 


In  this  paper,  we  present  our  absorption  results  as  ad  rather 
than  a,  because  the  impurity  concentration  in  the  hyperdoped 
layer  is  not  constant  as  a  function  of  depth,  and  a  depends  on 
the  impurity  concentration,  as  shown  in  Ref.  3.  When  a  is  nec¬ 
essary  for  analysis,  we  estimate  the  average  ad  of  the  hyper¬ 
doped  layer  by  assuming  the  hyperdoped  layer  to  be  250  nm 
thick,  based  on  SIMS  measurements.^  Similarly,  dopant  and 
carrier  concentrations  are  estimated  using  this  nominal  thick¬ 
ness.  Consequently,  the  peak  concentration  as  a  function  of 
depth  is  somewhat  higher  than  the  reported  average  value. 

A  Fourier  transform  infrared  (FTIR)  spectrometer  was 
used  to  measure  MIR  optical  transmittance.  We  obtained  ad 
in  the  MIR  region  for  hyperdoped  materials  by  using  Eq.  (2) 
and  by  assuming  the  reflectivity  r  is  equal  to  that  for  pure  Si 
in  the  MIR  region,  as  calculated  using  published  optical  con¬ 
stants  of  pure  Si. 

The  carrier  concentration  was  measured  by  spreading  re¬ 
sistance  proflling  (SRP)  for  some  samples.  The  conditions  of 
ion  implantation  and  pulsed  laser  melting  are  the  same  with 
that  of  the  samples  for  optical  measurement  except  for  laser  flu- 
ence.  Samples  containing  sulfur,  selenium  and  tellurium 
received  four  laser  shots  at  1.7,  2.3,  and  2.3  J/cm^,  respectively. 
The  measured  resistivity  p  was  converted  to  carrier  concentra¬ 
tion  n  using  n  —  l/epp  with  e  the  electron  charge  and  p  the 
electron  mobility.  The  model  of  Kaiblinger-Gmjin  et  was 
used  to  calculate  the  sulfur  concentration-dependent  mobility 
using  the  SIMS  data  to  provide  the  atomic  profiles. 

The  conditions  of  ion  implantation  and  pulsed  laser 
melting  are  listed  in  Tables  I  and  II. 


III.  RESULTS 

The  effect  of  implanted  sulfur  dose  on  the  optical 
absorption  spectrum  is  shown  in  Fig.  1(a).  The  optical 


TABLE  I.  Ion  implantation  conditions. 


Ion 

Energy  (keV) 

Dose  (ions/cm^) 

32s- 

95 

1  X  lo'®,  3  X  10‘^  1  X  10‘^3  X  10*'^ 

*086+ 

176 

1  X  10‘® 

i30Te+ 

245 

1  X  10‘® 

absorption  spectrum  of  an  as-implanted  sample  is  not  shown 
because  the  absorption  was  much  smaller  than  that  of  pulsed 
laser  melted  samples.'^  The  discontinuity  observed  around 
0.5  eV  is  due  to  the  change  of  spectrometer.  The  emergence 
and  evolution  of  sub-bandgap  absorption  with  implantation 
dose  is  clearly  observed.  These  spectra  include  absorption  of 
the  substrate,  below  the  implanted  and  laser  melted  region. 
For  comparison,  the  measured  ad  spectrum  of  an  unim¬ 
planted  substrate  is  shown  in  the  inset  of  Fig.  1(a).  The  sig¬ 
nals  between  0.15  and  0.25  eV  and  between  0.36  and  0.5  eV 
are  not  reliable  for  ad  less  than  0.01  due  to  absorption  by  air 
in  the  optical  path.  The  increase  in  absorption  above  1.0  eV 
is  due  to  the  fundamental  hand-to-hand  absorption  of  the  Si 
substrate,  and  absorption  below  0.2  eV  is  partially  due  to  the 
free  carrier  absorption  of  the  substrate.  The  contribution  of 
free  carrier  absorption  of  the  hyperdoped  layer  is  discussed 
later.  Because  the  optical  absorption  of  the  unimplanted  sub¬ 
strate  between  0.2  and  1.0  eV  is  much  smaller  than  that  of 
the  sulfur-doped  samples,  we  may  conclude  that  the  broad 
absorption  band  which  peaks  at  around  0.4-0. 5  eV  is  due  to 
the  presence  of  sulfur.  Hereafter,  we  call  this  absorption 
band  the  MIR  band.  Although  the  absorption  of  the  lowest- 
dose  sample  is  comparable  to  that  of  the  unimplanted  sub¬ 
strate  below  0.6  eV,  its  broad  absorption  between  0.6  and 
1.0  eV  is  clearly  distinguishable.  Both  the  intensity  and  the 
width  of  the  MIR  band  increase  with  the  dose  of  initially 
implanted  sulfur.  We  define  the  strength  of  the  MIR  band  as 
the  integral  of  the  ad  spectrum  from  0.2  to  1.0  eV;  it  is 
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FIG.  1.  (a)  Effect  of  initially  implanted  sulfur  dose  on  optical  absorption 
spectra  of  laser  hyperdoped  samples.  Implanted  sulfur  doses  are  indicated. 
The  inset  shows  a  measurement  of  an  unimplanted  substrate,  (b)  Integrated 
<xd  from  0.2  to  1.0  eV  (circles)  and  carrier  concentration  measured  by  Hall 
effect  in  Ref.  9  (crosses)  as  functions  of  implanted  sulfur  dose,  (c) 
Calculated  reflectivity  by  Kramers-Kronig  transformation  of  the  absorption 
spectrum.  The  blue  line  represents  the  literature  value,  and  symbols  corre¬ 
spond  to  S  doses  of  1  X  10*^  (red  circles),  3  x  10^^  (orange  triangles),  and 
1  X  lO^^cm”^  (green  squares).  Red  crosses  represent  a  1  x  lO^^cm”^  dose 
sample  annealed  at  550  °C. 
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shown  as  a  function  of  initially  implanted  sulfur  dose  in  Fig. 
1(b)  as  solid  circles.  A  linear  correlation  is  observed  between 
the  strength  of  the  MIR  band  and  the  initially  implanted  sul¬ 
fur  dose.  The  contribution  to  the  MIR  band  of  the  S  atoms 
based  on  the  oscillator  strength  of  the  atoms  is  discussed  in 
Sec.  IV  B. 

The  effect  of  conventional  thermal  annealing  on  the  op¬ 
tical  absorption  of  sulfur,  selenium,  and  tellurium  hyper- 
doped  samples  is  shown  in  Figs.  2(a)-2(c),  respectively.  The 
ion-implanted  dose  for  these  samples  was  1  x  lO'^cm”^. 
The  spectra  of  the  samples  before  thermal  annealing  (not 
shown  in  Fig.  2)  were  similar  to  those  of  the  samples 
annealed  at  250  °C.  The  intensity  of  the  MIR  absorption 
band  decreases  with  increasing  annealing  temperature  for  all 
samples.  Sulfur  concentration-depth  profiles  measured  by 
SIMS  showed  no  appreciable  change  for  samples  annealed  at 
or  below  550 °C.  Although  we  did  not  measure  Se  or  Te  con¬ 
centration  depth  prohles,  we  do  not  expect  different  results 
from  that  of  the  sulfur-implanted  sample  due  to  an  expected 
lower  diffusivity.^^ 

As  discussed  in  the  experimental  section,  in  order  to 
obtain  ad  we  assumed  that  the  reflectivity  of  the  hyperdoped 
surface  is  the  same  as  that  of  virgin  Si.  When  the  optical 
absorption  of  the  MIR  band  is  small  enough,  this  assumption 
is  reasonable  according  to  the  Kramers-Kronig  relationship 
between  optical  absorption  and  reflectivity.  Because  the  opti¬ 
cal  absorption  of  the  MIR  band  is  not  negligible  in  hyper¬ 
doped  samples,  it  is  necessary  to  question  the  validity  of  this 
assumption.  It  is  reasonable  at  this  stage  to  check  for 
self-consistency  between  the  assumed  reflectivity  and  the 
resulting  ad  spectrum.  The  reflectivity  was  calculated  by  a 
Kramers-Kronig  transformation  of  the  absorption  spectrum 
shown  in  Fig.  1(a)  and  the  results  are  shown  in  Fig.  1(c). 
However,  the  a  value  depends  on  the  depth  due  to  the  depth 
profile  of  dopant;  we  estimate  the  averaged  a  by  assuming 
the  thickness  of  the  hyperdoped  region  as  250  nm  according 
to  the  result  of  SIMS.^  The  difference  between  reflectivity 
values  thus  calculated  by  the  Kramers-Kronig  method  and 
the  assumed  reflectivity — that  is,  the  reflectivity  calculated 
using  the  optical  constants  of  pristine  Si — is  at  most  a  few 
percent  for  photon  energies  above  0.3  eV.  This  means  that 
the  method  to  obtain  ad  is  self-consistent  above  0.3  eV.  The 


differences  between  the  reflectivity  calculated  by  the 
Kramers-Kronig  method  and  the  assumed  reflectivity  of  pris¬ 
tine  Si  tend  to  increase  with  decreasing  photon  energy  and 
they  reach  more  than  a  few  percent  below  0.3  eV  and  0. 1  eV 
for  the  samples  implanted  with  sulfur  to  1  x  lO'^cm”^  and 
3  X  10^^  cm“^,  respectively.  The  differences  are  within  a  few 
percent  for  lower  dose  samples  throughout  the  measured 
photon  energy  range.  The  deviations  indicate  that  self- 
consistency  is  not  satisfied;  hence  the  results  for  high  dose 
samples  are  expected  to  be  less  reliable  in  these  ranges.  The 
large  deviation  of  the  1  x  lO^^cm”^  dose  sample  is  mainly 
caused  by  an  increase  in  extinction  coefficient,  k,  at  lower 
energy.  Therefore,  the  deviation  is  smaller  for  the  samples 
having  lower  a  value.  The  samples  that  were  annealed  at 
550 °C  and  700  °C  show  a  much  smaller  deviation.  We  note 
that  results  of  the  Kramers-Kronig  method  are  not  perfect  at 
lower  photon  energy,  below  about  0. 1  eV,  because  we  cannot 
measure  optical  absorption  spectra  below  0.05  eV. 

IV.  DISCUSSION 

A.  Optical  absorption  below  0.2  eV  and  carrier 
concentration 

An  increase  in  the  value  of  ad  with  decreasing  photon 
energy  below  ^0.2  eV  is  apparent  in  Figs.  1(a)  and  2(a). 
Because  the  carrier  concentration  of  the  Six  lO^^crn”^ 
hyperdoped  sample  is  over  lO'^cm”^,^’®  it  appears  that  free 
carrier  absorption  is  responsible  for  the  observed  increase. 
We  interpret  the  optical  absorption  data  below  0.2  eV  as  a 
superposition  of  the  MIR  band,  contributing  (auOjyiiRj  ^nd 
free  carrier  absorption,  contributing  (atOfc-  To  estimate  the 
contribution  of  the  tail  of  the  MIR  band  in  the  overlapping 
region,  we  fitted  a  straight  line  to  the  ad  spectra  in  Figs. 
1(a)  and  2  between  0.3  and  0.4  eV  and  extrapolated  it  line¬ 
arly  down  to  0.05  eV.  The  difference  between  the  measured 
ad  spectrum  and  the  extrapolation  is  an  estimate  of  the  free 
carrier  contribution  (ac/)fc.  To  obtain  (a<7)fc,  aid  of  the 
underlying  substrate,  shown  in  the  inset  of  Fig.  1(a),  is  sub¬ 
tracted  from  the  spectra  shown  in  Figs.  1(a)  and  2.  The 
subtracted  spectra  are  not  shown  here  because  the  effect  of 
the  substrate  is  very  small  for  1  x  lO'^cm”^  hyperdoped 
samples. 


Photon  Energy  (eV) 


FIG.  2.  Effect  of  thermal  annealing  on 
the  room  temperature  optical  absorption 
for  (a)  sulfur,  (b)  selenium,  and  (c)  tellu¬ 
rium,  all  implanted  to  the  same  dose  of 
1  X  lO^^cm”^  and  laser  melted  prior  to 
thermal  annealing. 
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FIG.  3.  Contribution  of  free  carrier  absorption  in  hyperdoped  layer  at  low 
photon  energies  and  various  annealing  temperatures  for  Si  implanted  with 
(a)  sulfur,  (b)  selenium,  or  (c)  tellurium  ions  to  the  same  dose  of 
1  X  10**’ cm^^,  and  laser  melted.  l/(o:r/)fc  is  plotted  against  square  of  photon 
energy,  up  to  a  photon  energy  of  0. 12  eV. 


According  to  the  Drude  model,  free  carrier  absorption  is 
characterized  by  a  quadratic  relationship  between  1/a  and 
photon  energy,  E 


1 

a 


gfl/lC 

Net.1 


4n^Eocnm*^f.i 


(3) 


where  N,  e,  fi,  m*,  e„,  c,  and  n  are,  respectively,  the  carrier 
concentration,  electron  charge,  electron  mobility,  electron 
effective  mass,  permittivity  of  free  space,  speed  of  light, 
and  refractive  index. The  reciprocals  of  (a</)fc  for 
1  X  10^®cm“^  hyperdoped  samples  obtained  by  the  extrapo¬ 
lation  and  subtraction  procedure  described  above  are  plotted 
against  the  square  of  the  photon  energy  in  Fig.  3.  The  results 
for  tellurium  samples  annealed  at  250  and  400  °C  are  not 
shown  here  because  the  MIR  absorption  is  large  around 
0.2  eV,  as  shown  in  Fig.  2(c),  and  evaluation  of  (acOfc  is  not 
reliable.  The  plots  show  straight  lines  below  0.014  eV^  (cor¬ 
responding  to  photon  energies  below  0.12eV).  The  carrier 
concentration  and  mobility  estimated  from  these  lines  using 


Eq.  (3)  are  shown  in  Figs.  4(a)  and  4(b).  The  carrier  concen¬ 
tration  and  mobility  for  1  x  lO'^cm”^  hyperdoped,  un¬ 
annealed  samples  are  2.8  x  lO^^cm”^  and  100  cm^/V  s  for 
sulfur  and  3.4  x  lO'^cm”^  and  56  cm^/V  s  for  selenium, 
respectively.  These  values  are  consistent  with  those  obtained 
by  Hall  effect^’ and  (for  carrier  concentration)  SRP^  meas¬ 
urements.  Although  the  pulsed  laser  melting  conditions  used 
to  fabricate  samples  for  IR  and  SRP  measurements  differ 
slightly,  we  have  not  observed  significant  differences  in  elec¬ 
tronic  properties  among  the  sulfur  hyperdoped  samples  pre¬ 
pared  by  slightly  differing  conditions  in  Refs.  3,  9,  and  10. 
Thus  we  expect  that  the  differences  in  electronic  properties 
of  the  samples  prepared  for  IR  and  SRP  measurement  are  not 
significant  within  the  range  of  variation  reported  here.  In 
Figs.  4(a)  and  4(b),  we  compare  the  effect  of  annealing  tem¬ 
perature  on  carrier  concentrations  and  mobilities  of  sulfur 
hyperdoped  samples  obtained  by  this  method  (filled  circles) 
with  SRP  measurements  (crosses).  The  results  obtained  by 
optical  and  electrical  measurements  are  reasonably  consist¬ 
ent,  suggesting  that  the  error  due  to  the  uncertainty  in  reflec¬ 
tance  is  not  significant  and  that  linear  extrapolation  of  the 
tail  of  the  MIR  absorption  band  is  reasonable.  Certainly,  this 
procedure  is  reasonable  for  the  samples  annealed  above 
550 °C  because,  as  shown  by  the  red  crosses  in  Fig.  1(c),  the 
deviation  due  to  reflectance  is  small,  and  as  shown  in  Fig.  2, 
the  MIR  band  absorption  is  weak. 

The  contribution  of  free  carrier  absorption  to  the 
observed  spectral  shape  can  be  further  examined  using  these 
results.  The  free  carrier  absorption,  (arflfc,  of  un-annealed 
samples  obtained  by  this  method  of  linearly  extrapolating 
the  tail  of  the  MIR  band,  is  compared  in  Fig.  5  with  the  ad 
spectrum,  (ar/lfc^^^,  calculated  using  carrier  concentration 
and  mobility  obtained  by  SRP  measurement  and  Eq.  (3).  For 
the  experimental  ad  spectra  shown  in  this  figure,  the  contri¬ 
bution  of  the  underlying  substrate  was  subtracted  out. 
Agreement  between  {(xd)f^.  and  {(xd)f^^^^  is  best  for  the  sulfur 
hyperdoped  sample.  The  differences  between  measured  and 
calculated  values  for  selenium  and  tellurium  hyperdoped 
samples,  however,  do  not  exceed  one  order  of  magnitude. 
We  believe  that  the  results  of  free  carrier  absorption  obtained 
by  optical  and  electrical  measurements  are  consistent,  given 


200  400  600 


Annealing  Temperature  (°C) 


FIG.  4.  Annealing  temperature  depend¬ 
ence  of  (a)  carrier  concentration;  (b)  car¬ 
rier  mobility;  (c)  integrated  intensity  of 
MIR  absorption  band.  Circles,  squares, 
and  triangles  correspond  to  the  samples 
implanted  to  a  dose  of  1  x  lO^^cm”^ 
with  sulfur,  selenium  or  tellurium, 
respectively.  Filled  symbols  in  (a)  and 
(b)  represent  carrier  concentration  and 
mobility  estimated  from  Eq.  (3)  and  Fig. 
3,  whereas  those  obtained  by  SRP  meas¬ 
urements  (a)  and  calculation  from  the 
impurity  profile  per  Ref.  21  (b),  respec¬ 
tively,  are  shown  as  crosses. 
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the  procedural  uncertainties  such  as  the  inferred  low-£  re¬ 
flectance  and  the  extrapolation  method  used  to  obtain 
(acOiviiR-  Furthermore  there  is  a  slight  difference  in  the  laser 
fluence  used  in  samples  for  optical  and  SRP  measurements 
as  shown  in  Table  II.  These  results  indicate  that  our  interpre¬ 
tation  of  optical  absorption  below  0.2  eV  as  the  superposition 
of  MIR  absorption  and  free  carrier  absorption  is  reasonable. 

As  an  additional  check  on  our  assumptions,  we  estimate 
the  optical  absorption  spectra  of  the  MIR  band  without 
extrapolation,  by  subtracting  from  ad.  The  result, 

which  we  call  is  also  shown  in  Fig.  5.  Although 

the  results  are  not  perfect,  as  evidenced  by  the  lack  of  com¬ 
plete  agreement  between  iad)f^  and  it  is  apparent 

that  the  effect  of  hyperdoping  on  the  MIR  absorption  band 
extends  down  to  at  least  0.05  eV. 

Based  on  the  previous  SIMS  results,^  a  hyperdoped 
layer  thickness  of  250  nm  corresponds  to  an  average  sulfur 
concentration  of  3.2  x  10^°cm~^.  Using  the  measured  sulfur 
concentration  and  carrier  concentration  and  assuming  a 
Boltzmann  distribution,  the  energy  level  of  the  donor  can  be 
roughly  estimated.  If  all  sulfur  atoms  act  individually  as  sin¬ 
gle  or  double  donors  and  carriers  are  generated  by  thermal 
activation  of  donors,  the  observed  carrier  concentration  of 
^lO'^  cm“^  corresponds  to  a  donor  level  of  about  0.09  (sin¬ 
gle  donor)  or  0.1  (double  donors)  eV  below  the  conduction 
band,  respectively.  This  agrees  well  with  a  calculated  bind¬ 
ing  energy  of  1 17  meV  obtained  by  Winkler  from  a  ht  to  low 
temperature  Hall  effect  carrier  concentration  measurements 
on  lower-dose  (10^"*  at./cm^)  S  implanted  and  nanosecond 
laser-melted  silicon-on-insulator  samples.^'*  If  instead  the 
sulfur  atoms  compose  dimers  or  trimers  the  number  of 
donors  per  sulfur  atom  is  reduced.  In  such  a  case,  estimation 
of  the  number  is  difficult  because  the  structure  of  these  clus¬ 
ters  is  unclear.  If  we  assume  the  number  of  donors  per  sulfur 


TABLE  II.  Pulsed  laser  melting  conditions. 


Dopant 

Laser  fluence 

IR  measurement 

SRP  measurement 

s 

1 .7  J/cm^  (3  shots)  +1.8  J/cm^  ( 1  shot) 

1.7  J/cm^  (4  shots) 

Se 

1 .7  J/cm^  (3  shots)  +1.8  J/cm^  ( 1  shot) 

2.3  J/cm^  (4  shots) 

Te 

1 .7  J/cm^  (3  shots)  +1.8  J/cm^  ( 1  shot) 

2.3  J/cm^  (4  shots) 

atom  decreases  to  0.5  by  clustering,  the  depth  of  donor  levels 
decreases  by  0.02-0.03  eV  to  0.07  eV. 

The  energy  states  formed  by  very  low  concentrations  of 
sulfur,  selenium,  or  tellurium  in  Si  have  been  known  since 
the  1980  A  donor  level  of  about  0.1  eV  appears  to  cor¬ 
respond  to  that  of  sulfur-,  selenium-,  and  tellurium-related 
complexes.  However,  the  origin  of  the  donor  level(s)  respon¬ 
sible  for  the  observed  carrier  concentration  is  not  clear  due 
to  limited  information  on  the  electronic  structure  of  the 
hyperdoped  Si  system. 


B.  Broad  MIR  absorption  band 

A  contribution  from  the  thick  chalcogen-free  substrate  is 
signihcant  above  1.1  eV  as  shown  in  Fig.  1(a).  The  wide 
range  optical  absorption  spectra  of  the  thin  S,  Se,  and  Te- 
hyperdoped  layers,  presented  in  Fig.  6,  are  determined  by 
subtracting  the  contribution  of  the  substrate.  The  strength  of 
the  MIR  band  is  related  to  the  chalcogen  dose.  The  optical 
absorption  by  localized  impurity  centers  in  solids^^’^^  is 
described  by 


Nef  = 


nmc 

IvP-e^Ti 


oi{E)dE, 


(4) 


Photon  Energy  (eV) 

FIG.  5.  Effect  of  free  carrier  absorption  on  the  observed  absorption  spectra 
for  un-annealed  samples.  The  result  of  the  measurement  {ccd),  the  free  carrier 
absorption  obtained  by  subtracting  a  linearly  extrapolated  MIR  absorption 
spectrum  (a^5?)fc.  and  that  calculated  by  earner  concentration  and  mobility 
data  obtained  by  SRP  measurement  are  plotted  as  functions  of  pho¬ 

ton  energy.  The  optical  absorption  spectrum  of  the  MIR  band  deduced  by 
subtracting  from  ad  is  denoted  as 


where  m,  n,f,  c,  Eq,  and  £^^are  the  volumetric  density  of 
electrons  contributing  to  impurity  absorption,  mass  of  elec¬ 
tron,  refractive  index,  oscillator  strength,  speed  of  light  in 
vacuum,  the  average  electric  field  in  the  dielectric,  and  the 
effective  field  at  the  center,  respectively.  The  local  field  cor¬ 
rection,  {EolEgj^^,  is  approximated  as  9/(/?^  4-  2)^  for 


FIG.  6.  Optical  absorption  spectra  of  1  x  10*^cm~^  sulfur,  selenium,  or  tel¬ 
lurium  implanted  and  laser  hyperdoped  layers  after  subtracting  the  contribu¬ 
tion  of  the  underlying  substrate.  For  comparison,  deduced  MIR  band 
absorptions,  are  shown  as  dotted  lines  for  S  and  Te. 
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localized  centers  and  unity  for  sufficiently  delocalized  cen¬ 
ters.  Because  we  measure  ad  instead  of  a  in  this  article,  we 
estimate  the  product  N^fd  by  applying  Eq.  (4)  to  the  curve 
for  sulfur  in  Fig.  6.  The  value  of  NJ^d  estimated  by  this 
method,  using  the  local  field  correction  to  localized  centers 
in  Eq.  (4),  is  9  x  10^"*^cm“^.  If  the  number  of  electrons  per 
sulfur  atom  contributing  to  this  absorption  is  two  and  the  os¬ 
cillator  strength  is  unity,  NJ'd  estimated  by  the  retained  sul¬ 
fur  dose  measured  by  SIMS  should  be  2  x  10^®cm“^,  which 
is  more  than  an  order  of  magnitude  larger  than  that  obtained 
by  Eq.  (4)  using  the  local  field  correction  for  localized  cen¬ 
ters.  If,  instead,  we  estimate  the  value  of  N^fd,  using  the  local 
field  correction  for  delocalized  centers  in  Eq.  (4),  we  obtain 
2x  10^®cm“^,  which  is  consistent  with  two  electrons  per 
sulfur  atom.  Furthermore,  this  result  is  consistent  with  the 
previous  reports  of  delocalization  and  formation  of  an  impu¬ 
rity  band  by  hyperdoping  of  chalcogen  atoms.  We  can¬ 
not,  however,  rule  out  the  possibility  that  the  absorbing 
centers  remain  localized,  while  other  effects  cause  the  calcu¬ 
lated  value  of  Ngfd  to  be  much  smaller  than  the  sulfur  atom 
concentration.  For  example,  the  limits  of  integration  in  Eq. 
(4)  extend,  in  principle,  across  the  entire  absorption  band, 
whereas  we  integrate  only  over  the  region  from  0.05  to 
1 .2  eV.  The  assumption  that  the  average  oscillator  strength  is 
unity  is  not  valid  if  significant  absorption  due  to  hyperdoping 
exists  above  1.2  eV,  masked  by  valence  band-to-conduction 
band  absorption. 

The  attribution  of  the  MIR  absorption  band  to  the  for¬ 
mation  of  an  impurity  band  was  suggested"*^  when  strong 
absorption  was  first  measured  down  to  ^0.5  eV  in  these 
materials.  It  was  also  suggested  by  temperature-dependent 
Hall  effect  measurements  demonstrating  an  insulator  to 
metal  transition. Ah  initio  calculations  show  the  forma¬ 
tion  of  a  chalcogen  impurity  band  and  its  contribution  to 
IR  absorption. If  the  MIR  absorption  band  is  indeed 
due  to  the  formation  of  an  impurity  band,  broadening  of 
the  MIR  absorption  band  with  increasing  chalcogen  con¬ 
centration  is  expected.  As  shown  in  Fig.  1(a),  the  MIR 
band  width  increases  with  increasing  sulfur  dose  and  thus 
our  experimental  results  are  consistent  with  the  formation 
of  an  impurity  band.  Furthermore,  as  shown  in  Fig.  6,  the 
absorption  peak  energy  of  the  tellurium  doped  sample  is 
lower  than  those  of  sulfur  and  selenium  doped  samples, 
and  the  absorption  intensity  of  the  tellurium  doped  sample 
is  strongest.  These  results  are  qualitatively  consistent  with 
the  ah  initio  calculations  of  the  properties  of  the  impurity 
band.'^ 

Note  that  we  cannot  rule  out  the  possibility  of  a  different 
cause,  such  as  interband  transitions  made  allowed  by  the 
hyperdoping  perturbation  of  the  Si  band  structure. 

C.  Effect  of  implanted  sulfur  dose  and  thermal 
annealing  on  carrier  concentration  and  MIR  band 

The  hyperdoping  of  sulfur  atoms  creates  both  free  elec¬ 
trons  and  MIR-active  centers,  and  they  exhibit  contrasting 
behaviors  upon  thermal  annealing.  Carrier  concentrations 
obtained  by  Hall  measurements^  are  plotted  in  Fig.  1(b)  with 
cross  symbols.  The  preparation  method  of  samples  for  Hall 


measurements  is  the  same  with  that  for  optical  measurements 
except  that  they  receive  only  one  laser  shot — at  1.8J/cm^. 
Fig.  1(c)  shows  that  carrier  concentration  increases  with  im¬ 
plantation  dose  and  Fig.  4(a)  shows  that  it  depends  only 
weakly  on  thermal  annealing.  The  SRP  data  of  Fig.  4(a)  do 
show  a  slight  increase  in  carrier  concentration  for  a  S  hyper- 
doped  sample  annealed  at  400  °C.  From  Fig.  2(b),  ad  in  the 
low-energy  (free-carrier)  region  of  the  spectrum  is  higher  for 
a  Se  hyperdoped  layer  annealed  at  400  °C  than  for  samples 
annealed  at  250 °C  or  550 °C;  S  hyperdoped  samples  show  a 
similar  behavior,  as  shown  in  Fig.  2(a).  These  observations 
suggest  that  under  certain  conditions,  thermal  annealing  can 
increase  the  carrier  concentration  and  that  this  may  influence 
the  absorption  spectrum  in  the  low  energy  region.  Although 
the  carrier  concentration  is  not  greatly  altered  by  thermal 
annealing,  the  absorption  in  the  MIR  band  changes  substan¬ 
tially  as  temperature  increases.  This  further  confirms  that  the 
MIR  region  of  the  spectrum  is  not  attributable  to  free  car¬ 
riers,  but  to  structures  that  are  locally  metastable:  thermal 
annealing  appears  to  cause  a  local  structural  relaxation  in 
which  the  MIR  centers  are  deactivated. 

V.  CONCLUSIONS 

We  measured  the  near  through  MIR  optical  absorption 
spectra  of  monocrystalline  silicon  layers  hyperdoped  with 
chalcogen  atoms  synthesized  by  ion  implantation  followed 
by  pulsed  laser  melting.  The  observed  spectra  exhibit  both 
free  carrier  absorption  and  a  broad  MIR  absorption  band. 
The  center  of  the  MIR  absorption  band  is  at  a  photon 
energy  of  about  0.5  eV  for  S  and  Se  hyperdoping,  and  about 
0.3  eV  for  Te  hyperdoping.  This  MIR  absorption  band  is 
very  broad  and  extends  down  to  at  least  0.05  eV.  The 
strength  of  the  MIR  absorption  band  is  proportional  to  the 
implanted  sulfur  concentration  and  the  width  of  the  MIR 
absorption  band  increases  with  increasing  chalcogen  con¬ 
centration.  The  contribution  of  free  carriers  to  optical 
absorption  is  relatively  small  but  not  insignificant  below 
about  0.2  eV.  The  strength  of  the  MIR  absorption  band 
drops  drastically  with  increasing  annealing  temperature 
over  the  range  400-800  °C,  whereas  the  carrier  concentra¬ 
tion  and  mobility  are  comparatively  insensitive  to  annealing 
temperature.  The  results  are  consistent  with  the  interpreta¬ 
tion  that  a  metastable  local  atomistic  configuration  is  re¬ 
sponsible  for  the  MIR  absorption  band  whereas  a  more 
stable,  optically  inactive  configuration  is  responsible  for 
donating  free  carriers.  These  results  support  the  hypothesis 
that  isolated  chalcogen  impurity  levels  in  the  band  gap  form 
an  impurity  band  with  increasing  concentration. 
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